Introduction
Fibrous cytoskeletal polymers, of which there are three major types in most multicellular eukaryotes, perform a wide array of important if not essential functions in vivo. The pleiotropic roles of F-actin, microtubules, and intermediate filaments (IFs) are defined not only by their intrinsic properties but also by the manner with which they are organized and regulated relative to the cytoarchitectural features of the cells harboring them (Alberts et al., 2007) . Dissecting the mechanisms responsible for the intracellular organization of cytoskeletal fibers, and its context-specific regulation, is key to furthering our understanding of how cells behave under virtually any circumstance. Relative to F-actin and microtubules, there is a general paucity of knowledge about the mechanisms responsible for the assembly, organization, and interphase dynamics of IFs in vivo.
Keratin IF proteins are encoded by a large family of conserved genes, numbering 54 in the human genome (Schweizer et al., 2006) . As the most abundant structural proteins in the cytoplasm of most epithelial cells (e.g., 17-27% of total cellular proteins in newborn mouse keratinocytes; Feng et al., 2013) , keratin IFs provide crucial structural and mechanical support to protect epithelial cells and tissues from mechanical and nonmechanical stresses alike (Fuchs and Cleveland, 1998; Coulombe and Omary, 2002; Herrmann et al., 2007) . Interference with this structural and mechanical support role results in cell and tissue fragility and underlies many keratin-associated diseases, e.g., epidermolysis bullosa simplex (Omary et al., 2004; Coulombe et al., 2009; Seltmann et al., 2013) . Unfortunately, there is no effective treatment for disorders rooted in defective IFs (McLean and Moore, 2011; Coulombe and Lee, 2012) . A better understanding of the mechanisms regulating the assembly, organization, and dynamics of keratin IFs in vivo may well foster the development of strategies for the effective treatment of these disorders.
Studies published some time ago showed that epidermal keratins (e.g., K1 and K10) form disulfide-bonded polymers in vitro and in vivo (Sun and Green, 1978; Steinert and Parry, 1993) . Intermolecular disulfide bonding was postulated, early on, to be important for the stabilization of keratin IFs (Giroud and Leblond, 1951) and formation of a cornified envelope at the final stage of terminal differentiation in the stratum corneum (Matoltsy and Matoltsy, 1970) , but has been virtually ignored since then. Recently, our laboratory has reported that W e recently reported that a trans-dimer, homotypic disulfide bond involving Cys367 in keratin 14 (K14) occurs in an atomic-resolution structure of the interacting K5/K14 2B domains and in keratinocyte cell lines. Here we show that a sizable fraction of the K14 and K5 protein pools participates in interkeratin disulfide bonding in primary cultures of mouse skin keratinocytes. By comparing the properties of wildtype K14 with a completely cysteine-free variant thereof, we found that K14-dependent disulfide bonding limited filament elongation during polymerization in vitro but was necessary for the genesis of a perinuclear-concentrated network of keratin filaments, normal keratin cycling, and the sessile behavior of the nucleus and whole cell in keratinocytes studied by live imaging. Many of these phenotypes were rescued when analyzing a K14 variant harboring a single Cys residue at position 367. These findings establish disulfide bonding as a novel and important mechanism regulating the assembly, intracellular organization, and dynamics of K14-containing intermediate filaments in skin keratinocytes. Immunofluorescence-based imaging for keratin (green channel) and disulfides (red channel) in mouse keratinocytes under low and high calcium culture conditions. The middle and bottom rows show magnified views of the boxed areas in the top row. The bottom row shows the spatial overlap between K5/K14-specific signals and the global signal for disulfide bonds. S-S, disulfide bonds. Arrows depict colocalization between K5/K14 and S-S in the perinuclear region. Arrowheads indicate colocalization at the cell-cell interface. Bar, 10 µm. a trans-dimer, homotypic disulfide bond involving cysteine 367 (C367) in K14 occurs in a 3.0-Å crystal of the interacting 2B domains from human K5/K14 and in mouse epidermal keratinocytes in vivo, and we have implicated this bond in the genesis of a perinuclear network of keratin IFs able to impact the size and shape of the nucleus . To further explore the role of disulfide bonding, we devised a cysteinefree variant in K14 (K14CF) and characterized its properties toward the assembly and organization of keratin IFs in vitro and in transfected Krt14-null keratinocytes in primary culture, including live imaging studies. Reintroducing C367 back into the K14CF backbone reveals the central role of this residue toward the assembly, organization, and dynamics of K14-containing filaments in epidermal keratinocytes. The data we report point to a defining role for interkeratin disulfide bonding during keratin IF assembly, organization, and dynamics in skin keratinocytes.
Results

Disulfide bonding in the K5/K14 keratin pairing
We recently described the occurrence of disulfide-bonded, homodimeric forms of the epidermal type I keratins K14 and K10 in mouse epidermis in situ, and how the elevated calcium concentration in the culture medium increases the yield of disulfide-linked K14 dimers in the mouse 308 skin keratinocyte cell line . Here, we examined disulfide linkages among keratins expressed in primary cultures of skin keratinocytes isolated from C57BL/6 newborn mice, with a focus on the K5-K14 pairing. We found that a sizable fraction of the K5 and K14 protein pools are engaged in intermolecular disulfide bonding in such cells, under both basal and calcium-promoted differentiation conditions (Fig. 1 A) . Under the specific basal culture conditions we used, disulfide-bonded K5 and K14 in primary mouse keratinocytes consist of a series of highmolecular-weight species in addition to the dimers previously described for the 308 mouse keratinocyte line , which indicates that interkeratin disulfide bonding can be a quantitatively important event in normal mouse skin keratinocytes (Fig. 1 A) . The total amount of disulfide-bonded K14 is modestly elevated upon calcium switch (Fig. S1 C) , which is consistent with previous observations made in 308 cells . Irrespective of calcium concentration, the bulk of these disulfide-linked keratin species are Triton X-100-insoluble ( Fig. 1 B) , suggesting that they are part of the polymerized pool of keratin IFs.
We next analyzed the localization patterns of keratinassociated disulfide bonds in mouse keratinocytes in primary culture. In cell preparations fixed with methanol (reflecting insoluble material), part of the signal for disulfide bonding manifests as fibrous elements in the cytoplasm and accumulated in the perinuclear region (Fig. S1, A and B) . When performing dual staining, the respective signals for K5/K14 and disulfide bonds colocalize in the cytoplasm and perinuclear region under lowcalcium culture conditions. Upon calcium switch, cells display a distinct colocalization pattern for keratins and disulfides, particularly at the cell-cell interfaces where stable desmosome cell-cell contacts are now present (Fig. 1 C) . We observed no significant difference in perinuclear colocalization in mouse keratinocytes in primary culture in low versus high calcium conditions. This is different from what we previously reported for 308 mouse skin keratinocytes , and is likely due to the intrinsic difference between these two types of cells and the specific culture conditions used. These findings suggest that the formation and/or maintenance of a perinuclearconcentrated network is a significant occurrence in normal mouse epidermal keratinocytes in primary culture, under a range of culture conditions.
Formation of disulfide bonds limits elongation of K5/K14 filaments in vitro
Human K14 protein contains five cysteine residues: C4, C18, and C40 in its N-terminal head domain, and C367 and C389 in its central rod domain, all of which are conserved across mammals (Fig. 2, A and B) . Residue C367, but not C389, was found to mediate a trans-dimer homotypic disulfide bond in a crystal of interacting K5/K14 2B rod domains . We devised a cysteine-free variant of K14, designated K14CF, in which all five cysteine residues are substituted with alanines, to examine the impact of eliminating all K14-dependent disulfide bonding for filament assembly and network formation.
In vitro, K14CF polymerizes with high efficiency (98%) and forms normal 10-nm filaments when coassembled with wild-type K5 under standard polymerization buffer conditions (which include a reducing agent; Aebi et al., 1983) . This is confirmed by comparing K5/K14CF to K5/K14WT assemblies using either negative staining/electron microscopy or highspeed sedimentation assays (Fig. 2, C-E) . Along with the outcome of transfection assays in cultured Krt14 / keratinocytes (see the next section), these findings suggest that replacing Cys with Ala at amino acid positions 4, 18, 40, 367, and 389 in K14 does not significantly impair its assembly competency, owing to a biochemical/structural defect.
Performing the in vitro assembly reactions in the absence of a reducing agent provides an oxidation-prone environment that allows for the formation of inter-and/or intramolecular disulfide bonds, and yielded different results. Under such conditions, K14WT-containing assemblies display a series of disulfide-bonded species that, as shown by Western blotting, show retarded mobility and involve both K14 and K5. By comparison, K14CF-containing assemblies exhibit only K5-mediated (C) High-speed sedimentation of keratin assemblies (150,000 g, 30 min) followed by reducing SDS-PAGE analysis of supernatant (Sup) and pellet (Pel) fractions. K14WT and K14CF have different assembly efficiencies when coassembled with K5WT under oxidizing buffer conditions. The black line indicates that intervening lanes have been spliced out. (D) Quantitation of filament assembly efficiency by densitometry-based analysis of supernatant (S) and pellet (P) fractions as reported in C. Data are presented as the mean ± SD from three independent experiments. (E) Negative staining and transmission electron microscopy showing the structural features of K14WT-and K14CF-containing filaments in an oxidized environment, and upon exposure to a reducing environment at the post-assembly stage. Bar, 100 nm. (F) Measurements of filament length when assembled under oxidizing buffer conditions. Data were obtained from three independent experiments. At least 100 filaments were measured per experiment. Error bars represent SD. (G) Summary of in vitro assembly data for K5/K14WT and K5/K14CF under different buffer conditions. "Very short IFs" are <150 nm, "short IFs" are 200-500 nm, "intermed IFs" are 500-1,000 nm, and "long IFs" are >1 µm.
disulfide bonds (Fig. S2) , establishing that cysteines in K5 also contribute to formation of intermolecular disulfide bonding in vitro. In addition, the K5/K14WT pairing polymerizes with significantly lower efficiency (35% reduction in the high speed sedimentation assay) and yields short filaments (100-150 nm in length, as measured on electron micrographs), whereas the K5/K14CF pairing maintains high assembly efficiency and produces longer filaments (mostly >300 nm; Fig. 2, D and F) . These findings are consistent with early observations by Steinert et al. (1976) , and indicate that formation of intermolecular disulfide bonds limits the elongation of (wild-type) K5/K14 filaments in vitro. Disulfide bonding involving K5 (which features four Cys residues; Fig. 2 A) likely accounts for the subnormal length of K14CF-containing filaments under oxidizing buffer conditions (Fig. 2 E) . Of note, the length of K5/K14WT-containing filaments normalizes when final assemblies are directly transferred to the standard reducing buffer environment at the post-assembly stage (Fig. 2 , E and G). These observations are significant, as they suggest that an oxidation-prone environment might regulate the elongation of K5/K14 filaments in epidermal keratinocytes in vivo. In Lee et al. (2012) , we proposed that a homotypic, K14 Cys367-mediated trans-dimer disulfide bond contributes to the formation of a perinuclear-concentrated network of keratin IFs. We next tested whether the complete loss of K14-bound cysteines and/or disulfide bonding interferes with the intracellular organization of keratin IFs in keratinocytes by conducting transfection assays in Krt14 / mouse keratinocytes in primary culture, which are devoid of K14 but harbor K5/K17 and K5/K15 preexisting IF networks (Chan et al., 1994; Lloyd et al., 1995) .
Expression of GFP-K14WT in Krt14
/ keratinocytes reveals three modes of keratin network organization in fixed preparations subjected to fluorescence imaging: "pan-cytoplasmic" (i.e., keratin filaments appear evenly distributed throughout the cytoplasm), "perinuclear-concentrated" (most filaments are concentrated in the perinuclear region), and "peripheral" IF networks (filaments are concentrated at the cell periphery; Fig. 3 A; see Fig. S3 for quantitative definition of these categories). The predominant mode of IF organization for GFP-K14WT is perinuclear-concentrated, occurring in 59% of transfected cells, whereas the pan-cytoplasmic mode of IF organization occurs in 22% of cells (Fig. 3 B) . By comparison, GFP-K14CF-containing filaments exhibit perinuclear-concentrated IF networks in only 17% of transfected Krt14 / keratinocytes, whereas a high proportion of them (66%) show pan-cytoplasmic networks (Fig. 3 , A and B). These findings suggest that loss of K14-bound cysteines and/or disulfide bonding has no obvious impact on 10-nm filament formation but interferes with the formation and/or maintenance of perinuclear-concentrated IF networks in mouse skin keratinocytes in primary culture. Importantly, the observation of an incomplete loss of perinuclear-concentrated networks in K14CF-expressing cells may reflect contributions from other type I keratins, e.g., K16 and K17, as they both contain several cysteines, including one that corresponds to K14's C367, along with the fact that K17 is up-regulated in Krt14 / mouse keratinocytes (Troy and Turksen, 1999; unpublished data) . K15, another type I keratin expressed under these conditions, likely does not play a role in this incompletely penetrant phenotype because it is missing a cysteine residue at the position corresponding to K14's C367 .
We surmised that the three distinct modes of keratin filament network organization observed in fixed cell preparations ( Fig. 3 A) could represent distinct stages along a temporal continuum rather than terminal or stable phenotypes. Consistent with the former, R.E. Leube and colleagues have shown that keratin IFs undergo a spatially and temporally patterned cycle in cultured epithelial cells: very short filaments are first assembled at the cell periphery, then elongate as they move in as part of a continuous flow toward to the cell center, where they become bundled and form a perinuclear-concentrated network (e.g., Leube, 2004, 2011; Kölsch et al., 2010) . By imaging live cells using laser-scanning confocal microscopy, we analyzed IF dynamics in Krt14 / mouse keratinocytes expressing either GFP-K14WT or GFP-K14CF (Fig. 3 , C and D; and Videos 1 and 2). A total of seven z stacks (0.43-µm-thick each, totaling 3 µm in thickness) were acquired for each position at every time point. In mouse keratinocytes, GFP-K14WT behaves in a manner consistent with the keratin cycle described by Leube and colleagues (Windoffer et al., 2011) : short filaments appear to form at the cell periphery, then elongate as they move directionally and accumulate in the perinuclear region ( Fig. 3 C and Video 1). Even though it is expressed in amounts comparable to its wild-type counterpart (Fig. S4 B) , GFP-K14CF appears to carry out only half of the cycle: short filaments do form in the cell periphery and initiate progress toward the cell center, but the process becomes disrupted at the midpoint of the cell such that few long filaments make it stably to the perinuclear region ( Fig. 3 C and Video 2). Instead, discrete "small dots" containing GFP-K14CF or "empty space" is what prevails near the nucleus. We generated 2.5-dimensional views of z stack images (Fig. 3 D) , and these confirm that GFP-K14WT-containing filaments readily form perinuclear-concentrated networks that / mouse keratinocytes transfected with either GFP-K14WT or GFP-K14CF: "pan-cytoplasmic," "perinuclear-concentrated," and "peripheral" IF networks. Bar, 10 µm. (B) Frequency of each type of IF network as illustrated in A. Data are presented as mean ± SD from three independent experiments. (C) Still images from live movie recordings comparing keratinocytes expressing GFP-K14WT and GFP-K14CF (green channel). H2B-mCherry (red channel) was cotransfected to visualize nuclei. The images shown correspond to seven time points, from 0 to 6 h, in movies recorded using laser scanning confocal microscopy (see Videos 1 and 2). N, nucleus. Bar, 10 µm. (D) 2.5-dimensional views of z-stacked images at time 0, 3, and 6 h show GFP-K14WT-or GFP-K14CF-containing networks in the cytoplasm (green channel) and H2B-mCherry-labeled nucleus (red channel) in transfected keratinocytes.
tightly wrap around H2B-mCherry-labeled nuclei, whereas the GFP-K14CF-containing filaments are concentrated at the cell periphery and in the mid-cytoplasm, but conspicuously lack in the perinuclear region of the cell. Furthermore, we observed that GFP-K14CF-expressing cells tend to exhibit markedly enhanced movements of the nucleus and the whole cell (>60% of cells; Fig. S5, A, B , D, and F; and Video 3) relative to GFP-K14WT-expressing cells (<15% of cells; Fig. S5, C and F) . Together, these data suggest that K14-bound cysteines and/or disulfide bonding play an important role in the keratin cycle whereby they regulate the progress toward, and/or the stability of, the perinuclear network of keratin IFs. Further, in addition to impacting nuclear dimensions as reported , live imaging studies revealed that loss of the perinuclear keratin network is associated with enhanced movement of the nucleus and the whole cell. We reported that replacing Cys with Ala at position 367 (K14C367A variant) impairs K14's ability to impact the size and the shape of the nucleus upon transfection in a tumorderived keratinocyte cell line . We engineered the same variant in the GFP vector backbone (GFP-K14C367A), and engineered a new, complementary K14 variant by putting a cysteine back at position 367 in the K14CF backbone (K14CF-C367 variant; Fig. S4 A) . We then examined the impact of expressing these two variants in Krt14 / mouse keratinocytes in primary culture. GFP-K14C367A-expressing keratinocytes show a significant decrease in the frequency of perinuclear IF networks (seen in only 26% of cells; Fig. 4, A and B) , a finding that is consistent with Lee et al. (2012) . However, 48% of cells expressing the GFP-K14CF-C367 variant display a perinuclear-concentrated network (Fig. 4, A and B) . This represents a significant increase relative to cells expressing the parental GFP-K14CF backbone (see Fig. 3 B) .
Next, GFP-K14CF-C367-expressing Krt14 / mouse keratinocytes were subjected to live cell imaging. Two distinct cell populations are observed (Fig. 4 , C and D): 45% of transfected cells show a normal keratin cycle whereby keratin filaments elongate and continuously move toward the nucleus, thereby forming a perinuclear-concentrated network of filaments (Video 4), whereas 55% of cells display an impaired keratin filament cycle and, ultimately, fail to form a perinuclear network even though filament elongation initially appears to be normal (Video 5). Quantitation of fluorescence intensity suggests that differences in expression levels do not account for these two behaviors (Fig. S4 C) . It seems likely, then, that the difference reflects a partial involvement of other cysteines in K14, or in K16 and/or K17. Altogether these findings indicate that C367 in K14 participates in, but does not completely suffice for, the establishment of a normal filament cycle along with normal perinuclear keratin filament network organization in skin keratinocytes. Besides, we observed that keratinocytes expressing GFP-K14CF-C367 show a marked normalization of the very abnormal cell motility behavior of Krt14 / keratinocytes (Fig. S5 , E and F), which suggests that C367 in K14 plays an important role in this regard.
Formation of K14CF-C367-mediated interdisulfide bonds yields abnormal IFs with a large and variable diameter in vitro
Residue Cys367 in K14 is conserved in several type I keratins, including K10, K16, and K17, and is located in the stutter region, a four-residue interruption in the long-range heptad repeats that is conserved in the 2B portion of the central rod domain in all IF proteins . Position 367 in K14, or the corresponding position in other type I keratins, has not been found to be mutated in the setting of genodermatoses (Szeverenyi et al., 2008) . To assess whether formation of disulfide bonds via this specific residue's side chain impacts keratin IF structure, we performed in vitro assembly assays with purified proteins under oxidizing buffer conditions (see Fig. 2 ). Relative to K5/K14WT, K5/K14CF-C367 assemblies are very abnormal (Fig. 5, A-C) . Specifically, filaments are intermediate-to-long in length and feature a variable, often wider-than-normal diameter (Fig. 5 C) , correlating with the formation of intermolecular disulfide bonds mediated by C367 (Fig. S2) . Importantly, the various anomalies exhibited by K5/K14CF-C367 filaments are rescued when disulfide bonds are reduced at the post-assembly stage (Fig. 5, C and D) .
Further analysis of IFs reconstituted in vitro from the K5/ K14WT, K5/K14CF, and K5/K14CF-C367 pairings highlights interesting differences. Thus, in spite of differences in their length, K14WT-and K14CF-containing filaments show a normal diameter (10-11 nm) whether the filaments are directly visualized by negative staining or first subjected to pelleting, epoxy resin-embedding, and sectioning before transmission electron microscopy ( Fig. 5 E, top and bottom rows) . In striking contrast, the diameter of K14CF-C367-containing filaments is variable and can be threefold wider (Fig. 5 E, top and bottom rows). Consistent with the current understanding of IF assembly and structure (Herrmann et al., 2007; see Discussion) , three main possibilities might lead to a wider diameter of IFs: (1) two or more filaments intertwining along one another, (2) loss of control of subunit number per filament cross section, and (3) loss of "compaction" (filament narrowing) at a late stage of assembly. To help discriminate among these three possibilities, we resolved the soluble and insoluble fractions via high-speed sedimentation, and observed that all three samples (including K5/K14CF-C367) contain short filaments with a normal diameter in the supernatant fraction (see middle row in Fig. 5 E) . Analysis of pellet fractions by epoxy-embedding, thinsectioning, and electron microscopy with a focus on filaments cross-sectioned at right angles showed that K5/K14WT and K5/ K14CF filaments have a normal diameter (8-12 nm), whereas the K5/K14CF-C367 exhibit a variable diameter ranging from 8 to 27 nm (bottom row in and Leblond, 1951 ). Yet, very few studies (e.g., Steinert et al., 1976; Sun and Green, 1978) have examined this phenomenon in any detail. Our interest in this issue originates in the discovery of a homotypic, trans-dimer disulfide bond mediated by K14's C367 in the crystal structure of a heterocomplex of the
Discussion
The notion that disulfide bonding may be important for keratins and play a functional role at the final stage of terminal differentiation in epidermis is more than 60 years old (Giroud Figure 5 . Formation of K14CF-C367-mediated disulfide bonds yields abnormal IFs with wide diameters in vitro. (A) High-speed sedimentation assay (150,000 g, 30 min) followed by SDS-PAGE analysis of supernatant (Sup) and pellet (Pel) fractions. K14CF-C367 was coassembled with K5WT under both reducing and oxidizing buffer conditions. (B) Quantitation of filament assembly efficiency using densitometry-based analysis of the corresponding fractions in A. Data are presented as mean ± SD from three independent experiments. (C) Negative staining and transmission electron microscopy reveals the abnormal morphology of K14CF-C367-containing filaments under oxidizing buffer conditions, which can be restored upon exposure to a reducing environment at the post-assembly stage. Bar, 100 nm. (D) Summary of in vitro assembly data for K5/K14CF-C367 under various buffer conditions. Short IFs, 200-500 nm; intermed IFs, 500-1,000 nm; long IFs, >1 µm; normal diameter, 8-12 nm; wide diameter, >13 nm. (E) Morphology of WT, cysteine-free (CF), and CF-C367 of K14-containing filaments assembled under oxidizing buffer conditions. The top row shows examples of negatively stained intact assemblies upon completion of the reaction, while the middle and bottom row are examples, respectively, of negatively stained supernatant fractions after a highspeed sedimentation assay and cross sections of epoxy resin-embedded pellet fractions. HSS, high-speed sedimentation. Bar, 100 nm. (F) Measurements of diameters of cross-sectioned filaments corresponding to HSS-pelleted IFs (bottom row in E). More than 50 cross sectioned IFs were measured for K14WT and K14CF, and >100 cross sectioned IFs were measured for K14CF-C367. P < 0.0001 (****).
and ours on K5-K14, clearly implicate that, when allowed to occur, disulfide bonding interferes with the elongation of keratin filaments during in vitro assembly. The short filament species (100-150 nm range) that form under oxidizing conditions in vitro can be viewed, at least conceptually, as ULF-like. Our data show that the interference with filament elongation is fully reversible for wild-type K14, and significantly mitigated when using a cysteine-free form of K14 in vitro. Our findings also show that formation of normal-looking IFs requires cysteines when K14 is expressed in vivo, and that disulfide bonds form primarily between, rather than within, keratin molecules in keratinocytes. Clearly, therefore, the formation (and dynamic regulation) of disulfide bonds regulates both the assembly and organization of keratin filaments in vitro and in vivo. Beyond its conceptual value, this newly uncovered property may provide a path to isolating and characterizing relevant keratin assembly precursors from cellular sources.
Assembly of the cornified envelope at a late stage of terminal differentiation in epidermis sets a precedent regarding biochemical circumstances allowing for the formation of disulfide linkages in the cytoplasm of keratinocytes (Ma and Sun, 1986) , an environment that is generally considered as strongly reducing (Krebs 1967) . In this regard, residue C367 in K14 is conserved in the corresponding position of K10, the major type I keratin in differentiating epidermis . K10 can be retrieved as a disulfide-bonded homodimer from skin tissue, and as part of larger oligomers along with its partner K1 in vivo (Sun and Green, 1978; Lee et al., 2012) . Another physiologically prominent example of interkeratin disulfides occurs in hard epithelia such as hair and nail, which express a distinct set of highly cysteine-rich keratin proteins (Fraser et al., 2003) . In hair trichocytes, keratin subunits "slip" at a specific stage of maturation so as to align and bring the side chains of cysteines closer to one another, promoting the formation of intrafilamentous L2-2B domains of K5/K14 and in mouse epidermal keratinocytes in vivo . The findings we report here (Table 1) significantly extend previous work by P. Steinert and colleagues in showing that the formation of disulfide bonding limits the axial growth (elongation) of keratin filaments during in vitro assembly (Steinert et al., 1976) . We demonstrate, for the first time, that interkeratin disulfide bonding is also required for normal keratin cycling and formation and/or maintenance of a perinuclear network of keratin IFs, the latter being a defining feature in keratinocytes of the epidermis and related surface epithelia. Our findings also implicate a specific cysteine residue in K14, C367, in these capabilities, thus significantly extending the work of Lee et al. (2012) . These observations introduce a completely new and exciting element in our quest for understanding the determinants of keratin IF assembly, organization, and dynamics in epithelial cells.
The prevailing view regarding the pathway to IF assembly is based on in vitro polymerization assays and recognizes three main stages: (1) formation of "unit length filaments" (ULFs), which are short (50-60 nm for vimentin and 50-120 nm for keratins K8/K18) but exhibit the full complement of subunits per filament cross section; (2) annealing of ULFs to yield long filaments (elongation); and (3) compaction of immature filaments across their lateral axis to reduce their diameter from 16 nm to 10 nm (Herrmann et al., 1999 (Herrmann et al., , 2002 . This model was borne out of studies focused on vimentin, a type III IF protein that can readily homopolymerize into mature 10-nm filaments, and has since then been extended to many other types of IF proteins (Herrmann et al., 2002) . The extent to which this pathway is physiologically relevant and applies to keratin proteins, which polymerize very rapidly (Lichtenstern et al., 2012) under atypically low ionic strength buffer conditions in vitro (Steinert et al., 1976; Aebi et al., 1983) , remains unclear. Meanwhile, Steinert's data on K1-K10 (Steinert and Parry, 1993), K14-dependent disulfide bonds ; this study) as well as the existence of K5-and K10-dependent bonds in skin keratinocytes. As virtually all IF proteins (i.e., in addition to the so-called sulfur-containing hard keratins) feature cysteine residues, it appears likely that disulfide bonding will emerge as a significant mechanism regulating the assembly, organization, and function of IFs in vivo.
Materials and methods
Plasmids
For in vitro studies, plasmids pT7HMT-K14WT and pT7HMT-K5WT were created by subcloning the relevant cDNAs (1,419 bp for K14WT; 1,773 bp for K5WT) into a pT7HMT modified vector (which features a T7 promoter) using NcoI-BamHI and NdeI-BamHI restriction sites, respectively. For expression in mammalian cells, plasmids pBK-CMV His-GFP-K14WT and pBK-CMV His-GFP-K14C367A were generated by subcloning the cDNAs for K14WT and K14C367A fused to a His-GFP tag at the N terminus into a pBK-CMV vector backbone using SalI-NotI restriction sites . The cysteine-free variant of K14 (K14CF) was generated by replacing all five cysteines in K14WT with alanines using a QuikChange lightning multi site-directed mutagenesis kit (Agilent Technologies). Otherwise, cysteine point mutations were introduced into the K14WT cDNA via a QuikChange lightning site-directed mutagenesis kit (Agilent Technologies). For live cell imaging, plasmid pShuttle-CMV-H2B-mCherry was created by subcloning the H2B-mCherry cDNA (1,098 bp) from plasmid PGK-H2BmCherry (Addgene) into a pShuttle-CMV backbone (a gift from B. Vogelstein, Johns Hopkins University School of Medicine, Baltimore, MD) via KpnI-HindIII restriction sites.
Antibodies and other reagents
The following antibodies were used: anti-K14 (rabbit, 1:1,000 for immunofluorescence, 1:5,000 for immunoblotting) and anti-K5 (rabbit, 1:1,000 for immunofluorescence, 1:3,000 for immuno-blotting) were from Covance, anti-desmoplakin (a rabbit polyclonal antibody generated against a C-terminal fragment conserved in desmoplakin I and II; 1:2,000; Angst et al., 1990 ) was a gift from K. Green (Northwestern University Feinberg School of Medicine, Chicago, IL), anti-GAPDH (rabbit, 1:1,000) and anti-protein disulfide isomerase (PDI; rabbit, 1:1,000) were from Cell Signaling Technology, IRDye 800CW goat anti-rabbit IgG (1:20,000) was from LI-COR Biosciences, and Alexa Fluor 594 goat anti-rabbit IgG (1:1,000) and Alexa Fluor 488 goat anti-rabbit IgG (1:1,000) were from Life Technologies. Alexa Fluor 594 C5-maleimide and DAPI were from Life Technologies, tris(2-carboxyethyl) phosphine (TCEP) was from Thermo Fisher Scientific, and N-ethylmaleimide (NEM) was from Sigma-Aldrich. DMEM/calcium free/low glucose and DMEM/calcium free/low glucose/no phenyl red were used in preparation of flavin adenine dinucleotide (FAD) medium, and FAD imaging medium was from US Biologicals. Restriction endonuclease products were from New England Biolabs, Inc. All other chemicals were from Sigma-Aldrich unless noted otherwise.
Keratin purification, assembly of keratin filaments in vitro, and polymerization efficiency pT7HMT-K5WT, pT7HMT-K14WT, pT7HMT-K14CF, and pT7HMT-K14CF-C367 were transformed into Escherichia coli BL21(DE3) to produce the corresponding recombinant human keratin proteins as inclusion bodies. Keratin proteins were purified using HiTrapQ and MonoQ columns (GE Healthcare) as described previously (Lee and Coulombe, 2009 ). Inclusion bodies were dissolved in urea "buffer A" (50 mM Tris-HCl, 6.5 M urea, 1 mM EGTA, 1 mM PMSF, and 2 mM dithiothreitol, pH 8.5), and then applied onto a HiTrapQ column followed by a MonoQ column. Keratin proteins were eluted using a linear gradient elution of ureaguanidine hydrochloride "buffer B" (50 mM Tris-HCl, 6.5 M urea, 0.5 M guanidine hydrochloride, 1 mM EGTA, 1 mM PMSF, and 2 mM dithiothreitol, pH 8.5). Heterotypic complexes containing K5 and K14 in an equimolar ratio were prepared and purified using the MonoQ column (Lee and Coulombe, 2009 ). The concentration of purified keratin complexes was adjusted to 0.15 mg/ml for filament assembly experiments. Keratin mixtures were assembled via a serial dialysis using the following three buffers: (1) 9 M urea and 25 mM Tris-HCl, pH 7.5, for 4 h at room temperature; (2) 2 M urea and 5 mM Tris-HCl, pH 7.5, for 1 h at room temperature; and (3) 5 mM Tris-HCl, pH 7.5, overnight at 4°C. The presence or absence disulfide bonds that are believed to increase the resilience of IFs and the entire cell and tissue during terminal differentiation (Wang et al., 2000; Fraser and Parry, 2007 , 2014 . Based on the literature, both enzymatic and nonenzymatic mechanisms could be involved in catalyzing interkeratin disulfide bonds in the cytoplasm of epidermal or hair keratinocytes. A family of sulfhydryl oxidases has been described as being involved in catalyzing the formation of disulfide bonds in keratinocytes (Hashimoto et al., 2001) . Otherwise, changes in redox potential, and/or oxidative stress, have been shown to promote terminal differentiation in epidermis (see Thiele et al., 2001; Hamanaka et al., 2013; Kennedy et al., 2013) . Though the cytoplasm is generally considered as a reducing environment, genuine differences in the redox potential do occur across the cytoplasmic space, and are seemingly organized in a gradient: the cell periphery and lysosomes are oxidizing, the general cytoplasm is reducing, and the perinuclear region and mitochondria are oxidizing as well (Clarke et al., 2006 ). An intriguing possibility that takes into account Leube's keratin cycle (Windoffer et al., 2011) is that interkeratin disulfide bonding may initially occur at the cell periphery to limit filament elongation and thereby pace the process of 10-nm filament assembly, in order to then be modulated (i.e., decreased or reconfigured) to allow for filament elongation, and later on promoted again in the perinuclear space of skin keratinocytes (see Lee et al., 2012) . Differences among keratin proteins, e.g., in terms of the number and location of cysteine residues, as well as differences in redox gradients or enzyme activities among various types of cells, are likely to impact this hypothetical scenario. Of course, mechanisms other than disulfide bonding are most certainly at play in a variety of settings to promote the formation and/or maintenance of a dense perinuclear network of IFs. In addition to defining the mechanisms involved, two important issues that need attention in the short term are the physiological relevance of interkeratin disulfide linkages involving K14, and the general relevance of K14's case for other keratins and IF proteins. The issue of functional relevance can be best addressed by generating knock-in alleles, with an obvious first possibility being a C367A substitution in the Krt14 locus, in the germ line of mice, and ascertain the consequences for epidermal structure and function. Interestingly, Werner et al. (2004) have shown that a hot spot mutation, Arg125-Cys, which maps to the amino-terminal part of K14's rod domain (Coulombe et al., 1991) and is responsible for 40% of EBS cases , disrupts the keratin cycle at an early stage in live transfected epithelial cells. Omary and his colleagues showed that mutant G62C, which introduces a Cys residue in an otherwise cysteine-free K8 and is associated with acute and chronic human liver diseases (Omary et al., 2009; Strnad et al., 2010) , decreases keratin solubility and impairs K8/K18 filament reorganization upon oxidative stress in transfected cells (Ku et al., 2001 (Ku et al., , 2005 . Though de novo cysteine introduction occurs in only 5% of disease-associated keratin missense mutations (Strnad et al., 2011) , such observations, along with ours, raise the prospect that aberrant disulfide bonding could be at play in select cases of keratinopathies. For the second issue, our data underscore the participation of cysteines other than C367 in
Krt14
/ mouse keratinocytes in primary culture and transfection assays Freshly isolated keratinocytes from 1 or 2-d-old Krt14 / newborn mouse skin (Lloyd et al., 1995) were transfected by pBK-CMV His-GFP-K14WT or cysteine variants using a P1 primary cell 4D-Nucleofection X kit (Lonza). To study keratin IF organization, transfected keratinocytes were plated on collagen-coated coverslips (VWR), cultured in CnT57 medium for 72 h, fixed using cold methanol, and processed for immunofluorescence staining. To analyze keratin dynamics, Krt14 / keratinocytes were cotransfected by pShuttle-CMV-H2BmCherry along with the GFP-tagged K14 variants (1:3 molar ratio), and plated on collagen-coated glass-bottom dishes ( Immunofluorescence microscopy and image processing Cytoskeleton-bound cysteine bonds were stained as described previously . In brief, methanol-fixed keratinocytes were incubated in 5 mM NEM/PBS, pH 7.0, for 2 h at room temperature to block all of free cysteine sulfhydryl groups, incubated in 10 mM TCEP/PBS, pH 7.0, for 1 h at room temperature to reduce disulfide bonds, and incubated in 2.5 µM maleimide conjugated to AF594/PBS, pH 7.0, overnight at 4°C to stain thiol groups that were engaged in disulfide bonding at the time of harvesting. Immunofluorescence staining was then performed in a dark setting.
For indirect immunofluorescence, fixed cell samples were blocked in 10% normal goat serum/0.1% Triton X-100/PBS for 1 h at room temperature, incubated in primary antibody solution for 1 h, washed in PBS, incubated in the secondary antibody solution, counterstained with DAPI, and mounted in FluorSave Reagent mounting medium (EMD Millipore). Fluorescence images were acquired as single focal planes using a fluorescence microscope (Axio Observer.Z1) equipped with an ApoTome II attachment and an AxioCam MRm camera (all from Carl Zeiss). Focal planes were selected by focusing on the center of the nuclei. Pictures were taken using a 63× Plan-Apochromat oil immersion objective lens, with the system controlled using AxioVision 4.8.2 software (Carl Zeiss). The colocalization module in ImageJ freeware was used to evaluate colocalization between the signals for keratin and disulfides (threshold channels 1 and 2 [range 0-255] = 125) and generate colocalization channels (8-bit grayscale).
Three distinct modes of keratin filament network organization were distinguished when analyzing transfected mouse keratinocytes (Fig. S3) . Using ImageJ, we measured the relative intensity of the fluorescence signal for keratin filaments across the space extending from the outer edge of the cell to the nuclear envelope to typify the organization of its keratin IF network. To do so, an arbitrary line was drawn on a 16-bit grayscale image from the cell outer membrane to the nuclear membrane (aligned through the center of the nucleus) using the Freehand command. The distance from the cell periphery to the nuclear envelope was arbitrarily set as 1 to facilitate comparisons between cells having slightly different sizes and shapes due to heterogeneity of keratinocytes isolated from newborn mouse skin (Dotto, 1998) . A graph was built up using relative fluorescence intensity (FI%, ranging from 0 to 100) as the y axis and the corresponding relative distance (RD, ranging from 0 for the outer cell membrane to 1 for the nuclear envelope) as the x axis (see Fig. S3 for definition criteria). 50 images for each type of transfectants were randomly selected and subjected to this quantitation to ascertain consistency within the dataset, which was obtained from a blindly performed qualitative assessment.
Live cell imaging and image processing Mouse keratinocytes were washed in PBS and switched to FAD imaging medium 48 h after transfection. Images were recorded using a single-point laser scanning confocal microscope (LSM780-FCS; Carl Zeiss). Pictures were acquired using the 40× Plan-Neofluar oil immersion objective lens together with the Zen software (Carl Zeiss). Cells in a closed culture dish were kept in an environmental chamber at 37°C with 5% CO 2 and 25°C humidity. Excitation was set at 488 nm for GFP and 561 nm for mCherry. Imaging parameters were selected based on previous live cell imaging studies of keratin dynamics . Recording intervals were 5 min, color depth was 12 bit, and image resolution was 1,024 × 1,024 pixels. Seven focal planes (optical slice thickness was 0.43 µm per stack), focusing on the center of the cell, were recorded for each time point, and video recordings lasted 6 h. Maximum intensity projections were generated by compressing 3D stacks of time series using Zen software, and regions of interest were selected from projected images using the AxioVision 4.8.2 software (both from Carl Zeiss), and used for preparing figures and converting images into QuickTime movies (Apple). Reconstruction of 2.5-dimentional images from z stacks was done using of a reducing reagent -mercaptoethanol was used to provide a reducing or oxidizing environment during keratin assembly. In some experiments, keratin filaments assembled under oxidizing conditions were subjected to reducing conditions at the post-assembly stage. The physical state of the keratin polymers was analyzed using a high-speed sedimentation assay (150,000 g for 30 min; Ma et al., 2001) , followed by SDS-PAGE of the pellet and supernatant fractions and densitometry using ImageJ (Schneider et al., 2012) . Data are presented as mean ± SD from three independent experiments.
Transmission electron microscopy Ultrastructure of keratin assemblies was examined by negative staining (1% uranyl acetate) and transmission electron microscopy using either 7600 or HU-12A instruments (Hitachi). Measurement of filament length was performed on recorded micrographs (80,000× nominal magnification) using the AmtV602 and ImageJ freeware programs. Data are presented as mean ± SD from three independent experiments. To access keratin filaments in cross section, polymerized keratins were pelleted by high-speed sedimentation and fixed in 2% glutaraldehyde, 0.2% tannic acid, 0.1 M cacodylate buffer, pH 7.2, overnight at 4°C, post-fixed in 2% osmium tetroxide/0.1 M cacodylate buffer for 30 min on ice, en bloc stained with 2% uranyl acetate for 1 h at room temperature, embedded in 1% agar, dehydrated in graded ethanol, and epoxy resin-embedded (Electron Microscopy Sciences). Samples were reembedded in "OO" beem capsules and polymerized for 24 h at 60°C. Thin (60-80 nm) sections were counterstained with uranyl acetate and lead citrate, and visualized using the Hitachi 7600 microscope. Measurement of filament diameter was performed on micrographs (80,000× nominal magnification) using AmtV602 and ImageJ software. Only isolated dense dots showing no branching were included when measuring the diameter of cross-sectioned filaments. Data are presented as mean ± SD from three independent experiments.
Wild-type mouse keratinocytes in primary culture and calcium switch experiments All studies involving mice were reviewed and approved by the Johns Hopkins' Institutional Animal Care and Use Committee. Keratinocytes from 1-or 2-d-old C57BL/6 newborn mouse skin were isolated as described previously (Bernot et al., 2004) . The epidermis was recovered by treating surgically removed mouse trunk skin using 0.25% trypsin/0.02 mM EDTA for 16-20 h at 4°C. Keratinocytes were isolated from epidermis using a Lymphoprep (Stemcell Technologies)-based density gradient centrifugation (1,600 rpm for 20 min at 4°C), and cultured in Epidermal Keratinocyte Medium CnT57 (low calcium, 0.07 mM; CELLnTEC) until reaching 90% confluence. Calcium switch experiments were performed by switching to Keratinocyte Basal Medium 2 (KBM-2, Lonza) supplemented with 1.8 mM calcium and 10% FBS (Atlanta Biologicals; Hennings et al., 1980; Poumay and Pittelkow, 1995) . Keratinocytes were harvested 24 h after the calcium switch.
Preparation of cell lysates, protein gel electrophoresis, and immunoblotting analysis To prepare whole cell lysates, cells were lysed in cold urea lysis buffer (pH 7.0, 6.5 M urea; 50 mM Tris-HCl; 150 mM sodium chloride; 5 mM EDTA; 0.1% Triton X-100; 50 µM NEM; 1 mM PMSF; 1 µg/ml each of chymostatin, leupeptin, and pepstatin; 10 µg/ml each of aprotinin and benzamidine; 2 µg/ml antipain; and 50 mM sodium fluoride). To examine solubility of disulfide-bonded keratin proteins, keratinocytes were first lysed in cold Triton X-100 lysis buffer (similar to urea lysis buffer except no urea and including 1 mM sodium orthovanadate), and pelleted via centrifugation (14,000 rpm for 30 min at 4°C) to separate Triton-soluble versus insoluble fractions. Detergent-insoluble proteins were then dissolved in the same volume of urea lysis buffer.
For immunoblotting, protein concentration in cell lysates was determined using the Bradford assay (Bio-Rad Laboratories) with bovine serum albumin as a standard. Samples for SDS-PAGE were prepared in lithium dodecyl sulfate (LDS) sample buffer (Life Technologies) in the presence of 20 mM TCEP and incubated at room temperature for 1 h to reduce disulfide bonds. Untreated lysates were prepared directed in LDS sample buffer. Equal amounts of cell lysates were resolved by SDS-PAGE and transferred to nitrocellulose membrane (0.45 µm; Bio-Rad Laboratories, Inc.). Quantitative infrared immunoblotting analysis (LI-COR Biosciences) was performed using primary antibodies, followed by secondary antibodies conjugated to infrared fluorescent dye IRDye800 (Feng et al., 2013) .
Zen software. Additionally, maximum intensity projections were subjected to analyses of movement of nuclei. Nuclei were automatically selected and labeled, and their corresponding positions and speeds were tracked using Imaris software (Bitplane).
Definitions
In the context of our live cell imaging studies, we refer to a "normal" keratin cycle when short keratin filaments form at the cell periphery, then elongate as they move toward the cell center as part of a continuous and steady flow, and appear to accumulate in the cell center as they form a perinuclearconcentrated network. Alternatively, we refer to an "impaired" keratin cycle when keratin filament nucleation or elongation at the cell periphery is disrupted or there is a failure to form or maintain a perinuclear-concentrated network during keratin cycling.
Statistical analysis
Statistical analyses were performed using Excel 2011 (Microsoft) and Prism version 5 (GraphPad Software, Inc.). The t test was used when comparing two conditions or samples (see Figs. S1 C and S4, B and C). Oneway analysis of variance (ANOVA) was used when comparing three conditions or samples (see Figs. 5 F and S5 F) . A P-value of <0.05 was considered significant.
Online supplemental material Fig. S1 reports on global disulfide bond staining in primary cultures of newborn mouse skin keratinocytes. Fig. S2 reports on the formation of intermolecular disulfide bonds involving K14WT, K14CF-C367, and K5WT in vitro. Fig. S3 illustrates the criteria used to assign keratin filament network organization to one of three categories (pan-cytoplasmic, perinuclearconcentrated, and peripheral networks). Fig. S4 shows fluorescence intensity comparison of GFP-K14WT-, GFP-K14CF-, and GFP-K14CF-C367-expressing keratinocytes during movie recordings. Fig. S5 reports on the enhanced movements of the nucleus and the whole cell in GFP-K14CF-expressing keratinocytes. Videos 1-5 show GFP-tagged K14WT (Video 1)-, K14CF (Videos 2 and 3)-, and K14CF-C367 (Videos 4 and 5)-transfected skin keratinocytes derived from Krt14 / mice and in primary culture. Online supplement material is available at http://www.jcb .org/cgi/content/full/jcb.201408079/DC1.
